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Abstract 
Internal clearance is a functional key characteristic of bearings. The bearing clearance can be evaluated using rigid body movements of the 
inner ring. Due to the deviations of dimension and roundness the contact areas between the bearing components cannot be predicted. Hence 
contact detection is necessary. For this purpose the herein presented concept is based on a raytrace algorithm. The concept can be used for the 
simulation of the bearing clearance for deviated bearing components. This enables the evaluation of the influence of dimensional and form 
deviations on the bearing clearance. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
The internal clearance is a key characteristic of bearings 
that affects other important characteristics of bearings such as 
the vibration behavior, load distribution or life span. In fact, 
among other things, bearings are categorized by their bearing 
clearance which is standardized in ANSI/ABMA Standard 20 
[1] respectively ISO 5753 [2]. In order to produce bearings of 
a particular bearing clearance, bearing manufacturers perform 
elaborate steps during the manufacturing and assembly of 
bearings, such as specific grinding or sorting of the bearing 
components. 
However, only few researches about the bearing clearances 
have been published. Therefore a concept for the tolerance 
simulation of the clearance of roller bearings is presented in 
this paper. Following the lamina model of ISO/TS 16281 [3], 
a 2D radial plane is regarded. Within this 2D radial cut 
dimensional as well as geometrical deviations are considered. 
In section 2 some background information about roller 
bearings and their clearance are presented. Publications 
dealing with bearing clearance, the evaluation of bearing 
clearance or relevant approaches that could be used for this 
task are discussed in section 3. Afterwards the concept for the 
evaluation of the bearing clearance is introduced in section 4 
and applied in section 5. The paper closes with a conclusion 
in section 6. 
2. Definition of bearing clearance 
Fig. 1 shows the principal bearing structure for a roller 
bearing. Although there is a wide variety of types, designs and 
sizes of roller bearings, they all have in common that they 
consist of an outer and inner ring. Each of these bearing rings 
provides a raceway in which the rolling elements roll. For 
roller bearings the rolling elements are cylinders of slightly 
higher length than diameter (rollers). The rollers can be 
guided by a cage or the bearing is designed as a full 
complement bearing. In this paper only roller bearings of type 
NU (cf. Fig. ) with a cage are considered. However, the cage 
itself and its effects are neglected. 
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As mentioned before, the regarded key characteristic of the 
rolling bearing is the internal clearance. It is defined as the 
distance for which the inner ring can be moved relatively to 
the outer ring. A schematic representation is given in Fig. 2. 
One can distinguish between the initial clearance, resulting 
from the processing and assembly of the bearing components, 
and the operating clearance, depending on the initial clearance 
as well as operating conditions of the mounted roller bearing 
(e.g. fit of the bearing rings, thermal gradient within the 
bearing, operational force, etc.). 
Especially for press fits, the bearing rings can be deformed 
during the mounting of a roller bearing. Due to the relatively 
low wall thickness, the geometric deviations of the adjacent 
components (namely hub and shaft) can be transmitted to the 
raceway surface of the bearing rings. Hence, the initial 
geometric deviations of the bearing rings can even be 
reinforced. These geometric deviations also influence the 
roller bearing clearance. In this paper only the initial bearing 
clearance and therefore the initial dimensional and geometric 
deviations are considered. 
3. Related works 
Most publications focus on the effects of internal bearing 
clearance and geometric deviations. OSWALD, ZARETSKY and 
POPLAWSKI [4] performed various computational analyses on 
the effect of operating clearance on the load distribution and 
fatigue life of the rolling elements for radially loaded deep-
groove ball bearings as well as roller bearings. They showed 
that a small negative operating clearance (interference) has a 
positive effect on the fatigue life of the rolling elements. By 
contrast, too much interference leads to a rapid decline in 
fatigue life whereas the fatigue life declines only gradually for 
increasing positive operating clearance. However, the values 
for the operating internal clearance were taken for granted and 
only the minimal and maximum values of ANSI/ABMA 
Standard 20 [1] respectively ISO 5753 [2] were considered. 
LIQIN et al. [5] investigated the vibration behavior of a 
rotor roller bearing system for, among others, radial internal 
clearance and waviness. It was shown that the number and 
width of non-periodic and periodic-doubling bifurcation 
regions increase with the radial internal clearance. This leads 
to more vibration and noise and can peak in system instability. 
The waviness was described by sinusoidal functions. The 
amplitude of the waves was fixed to 1 µm whereas the 
number of waves was varied. The bearing system shows a 
similar behavior for an increasing number of waves, i.e. more 
waves cause more vibration and noise. Waviness on the outer 
ring seems to be more severe than waviness on the inner ring. 
In [6] CHANGQING and QINGYU presented similar results for a 
rotor system with ball bearings. 
In [7] WARDEL derived an analytical expression of the 
vibration forces produced by the surface waviness of thrust 
loaded ball bearings and experimentally validated it in [8]. 
Beside an empirical surface waviness model for typical 
bearings he even provided formulas for a time-varying 
component of the internal clearance for each bearing 
component. He then used the internal clearance to describe 
the contact angle and spring deflection, two factors that 
influence the vibration moment and vibration force of 
bearings. Unfortunately, only harmonic waviness was
considered. Furthermore the analytical surface waviness 
model is based on values for surface qualities that must be 
determined experimentally. Since the quality of 
manufacturing processes has significantly increased in the last 
20 years, the values provided in [7] should be verified again. 
One approach to evaluate the internal bearing clearance of 
a ball bearing is presented by SAMPER, PETIT and GIORDANO
[9]. They used the concept of Use Rate (UR), a dimensionless 
rating which expresses the allowable displacements of a 
surface. In other words, the UR indicates whether the surfaces 
are in contact or there is a gap. The joints of the bearing 
components including the gaps were modeled by deviation 
and clearance domains proposed by SAMPER and PETIT in 
[10]. The domains are defined by a set of vertices and 
linearized inequalities representing the permissible (small) 
displacements. These displacements are limited by the defined 
tolerance zones. For the surface description associated 
surfaces were used. The positioning of these associated 
surfaces was based on the Small Displacement Torsor Model 
by CLEMENT and BOURDET [11], which can be used to fit a 
theoretical surface onto a measured surface using an 
optimization criterion for the residual errors. Thus the 
evaluation of the gap becomes an optimization or rather 
registration problem. This approach seems very promising. 
However, according to [10] the associated surfaces are 
currently limited to elementary features (planes, cylinders, 
cones, etc.) so that no geometric deviations can be included. 
In [12] an approach for a tolerance analysis based on 
discrete geometry representation is proposed by SCHLEICH
and WARTZACK. This approach allows considering non-ideal 
parts including geometric deviations. Furthermore it is 
Fig. 1 Structure of a roller bearing Fig. 2: Schematic representation of bearing clearance.
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applicable for different mechanisms which need a contact 
analysis. Inter alia, SCHLEICH and WARTZACK analyzed the 
runout tolerance of a spur gear. They used a raytrace 
algorithm (cf., for instance, [13], [14]) to position the testing 
probe along a predefined direction in the tooth spaces so that 
the probe has contact to the flank of corresponding teeth. This 
problem seems similar to the evaluation of the bearing 
clearance. Hence, the concept presented in the next section is 
based on [12]. 
4. Tolerance simulation of the initial bearing clearance 
The concept is modelled after the tolerance analysis 
process proposed by DANTAN et al. [15]. They name the 
representation of geometric deviations, the calculation of the 
deviation effects on the system behavior and the application 
of appropriated analysis techniques as the three main issues of 
the tolerance analysis. The first two aspects are discussed in 
the following subsections. A first concept for the analysis is 
explained using an application example in section 5. 
4.1. Representation of the non-ideal geometry 
Following [12], the non-ideal geometry is represented by a 
surface mesh. The surface mesh is described by vertices and – 
for reason of simplicity – approximated by linear edges. A 
quadratic or cubic description of the edges would be possible 
but increases the computational effort. The vertices can be 
obtained, among other things, by measurement data or using a 
mathematical description of the surface (such as Discrete 
Fourier Transforms [16]). For a good mesh quality it is 
necessary that the number of vertices respectively the length 
of the edges is sufficiently fine to represent the geometrical 
deviations. As especially waviness seems to be a severe 
problem for bearings (cf. section 3), the non-ideal geometries 
of the bearing components are considered to possess waves. 
Beside these systematic roundness deviations also random 
deviations (noise) and, of course, dimensional deviations can 
occur. Fig. 3 shows an example for a non-ideal geometry. 
4.2. Calculation model for the evaluation of the bearing 
clearance 
The evaluation of the bearing clearance requires further 
sub-processes. In Fig. 4 the most important steps are 
presented. First of all a fixed center point is assumed serving 
as a reference for the following steps. The virtual non-ideal 
bearing components are then positioned around this center 
point according to the structure of the analyzed roller bearing. 
For this purpose each of the bearing components has its own 
center point defining its initial position. By contrast, the 
rotational orientation of bearing components is chosen 
randomly. 
As the bearing cage is neglected, the rollers are register on 
the raceway of the outer ring. For this purpose the rollers are 
moved radially from the fixed center point. Thus the 
translation direction is equivalent to the direction described by 
the vector between the fixed center point and the center point 
of the respective roller. 
After the rollers have been registered, a number of 
directions in the range of ሾͲǡ ߨሿ are chosen and their opposing 
directions in the open interval of ሺെߨǡ Ͳሻ are determined. One 
direction and its counterpart form a couple for which the 
bearing clearance is evaluated. This means that the inner ring 
is first registered to the rollers in the first chosen direction and 
then in the opposing direction. The bearing clearance is then 
evaluated as the traverse distance, i.e. the Euclidean norm of 
the total translation of the inner ring. 
According to outlined process one of the main elements of 
this procedure is the registration of the bearing components. 
This can be achieved using a contact detection algorithm. 
KOCKARA et al. give a short overview of contact detection 
algorithm in [14]. They distinguish between algorithms for so 
called broad-phase contact detection and narrow-phase 
contact detection. In broad-phase contact detection bodies are 
substituted by generic volume elements that can easily be 
described (e.g. spherical or cubic hit-boxes in 3D respectively 
circular and quadratic hit-boxes in 2D). The broad-phase 
ݔ௜
ݕ௜
ݎ ߠ
ߠ
Fig. 3: (Exaggerated) Non-ideal geometry of a roller with 10 waves
a) b) ݐԦோ೔
c)
ݐԦூ ࡳࡾ
d)
െݐԦூ
Fig. 4: Process for the evaluation of the bearing clearance ܩோ: 
a) Initial positioning of the bearing components b) Registration of the rollers 
on the outer ring c) Registration of the inner ring on the roller(s) in selected 
direction d) Registration of the inner ring on the roller(s) in the opposing 
direction
259 Alexander Aschenbrenner and Sandro Wartzack /  Procedia CIRP  43 ( 2016 )  256 – 261 
contact detection is then used to determine colliding objects 
e.g. by intersecting these generic volume elements. Due to the 
simple description of those substitutions the evaluation of 
interpenetrating or contacting bodies is of very low 
computational cost. For instance two circles are contacting 
when the distance between their center points is equal to the 
sum of their radii (and they are interpenetrating when the 
distance is less than the sum). As this kind of contact 
detection is not very accurate for arbitrary bodies, the purpose 
of broad-phase contact algorithm is to preselect bodies or 
body features (in our case bearing components respectively 
vertices and edges) that might be or get in contact. The 
selected bodies can then be used in the narrow-phase contact 
detection. In this phase more accurate but exhausting 
algorithms are used in order to detect the actual place of 
contact. Hence, the combination of broad-phase and narrow-
phase algorithms should decrease the computational effort. 
In this case two different broad-phase algorithms are used 
since the registration of the rollers on the outer ring is a 
slightly different problem then the registration of inner ring 
onto the (registered) rollers. While all the rollers must have 
contact to the outer ring, the inner ring doesn’t have contact to 
all the rollers at once. Nevertheless, for both problems the fact 
is used that the cylindrical coordinates of the roller’s central 
points respectively the surface vertices of the bearing 
components are known or can easily be determined ex ante in 
reference to the fixed central point. Fig. 5 shows the principal 
idea behind the broad-phase algorithm for the registration of a 
roller on the outer ring. According to this algorithm the 
relevant edges can be interpreted as the shadow being cast by 
a certain, idealized roller on the outer ring, assuming that the 
light source is located in the fixed central point.
First of all, the actual geometry of the roller is substituted 
by an enveloping circle, i.e. the radius of the substituting 
circle is the distance between the roller’s central point and the 
furthermost surface point. Afterwards a tangential vector is 
determined. The roller’s central point, the fixed central point 
and the contact point of this tangential vector form a right-
angled triangle. Hence, the angle enclosed between the initial 
translation vector and the tangential vector can easily be 
calculated. The relevant vertices respectively edges are then 
located within an arc between ߠ௜ െ ߜ and ߠ௜ ൅ ߜ. 
The broad-phase algorithm for the registration of the inner 
ring onto the rollers is even simpler but not as efficient. Only 
those rollers, which central points are within a certain arc, are 
considered for the registration. The angle enclosed by the arc 
depends on the number of rollers or rather the separation 
angle of the bearing. 
Following [12], a raytrace algorithm is used for the 
narrow-phase contact detection. In this algorithm a ray is 
emitted from a point in a predefined direction. If the ray hits a 
feature (vertice or edge in 2D), the point of intersection can be 
determined. As only translation of the bearing components is 
considered, every vertex of a certain bearing component 
(roller respectively inner ring) has the same direction, i.e. the 
bearing component moves along this direction. The actual 
point of contact is the intersection point for which the distance 
between this point and its point of origin of the corresponding 
ray is minimal. However, this algorithm should be applied for 
both components. Otherwise interpenetration might occur, as 
shown in Fig. 6. 
The raytrace algorithm is applicable for both, the 
registration of the rollers and the inner ring. Since every point 
of a body is translated for the same distance, the bearing 
clearance can easily evaluated as the total traverse distance of 
the inner ring in a specific direction and its opposing 
direction. In the next section the application of the herein 
presented concept as well as first analysis of the effects of 
geometric deviations on the bearing clearance are shown. 
5. Application Example 
The roller bearing used for the example is inspired by a 
roller bearing of the type NU206. Table 1 contains the 
geometrical values of the necessary diameters and their 
permissible deviations. The diameters are considered to 
deviate around their central value according to a 
±4ı Gaussian distribution. As previously described in section 
4.1, only waviness combined with noise are considered for 
geometric deviation. For each component the number of 
waves is fixed. Furthermore the permissible total roundness 
deviation cannot be exceeded by the sum of the geometric 
deviation resulting from waviness and noise. 
Fig. 5: Detection of the relevant vertices/edges on the outer ring for a certain 
roller
point of
contact
area of
interpentration
ݐԦݐԦ
െݐԦെݐԦ െݐԦ
a)
b)
Fig. 6: Raytrace algorithm a) without and b) with consideration of the 
opposing surface.
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Table 1: Geometrical data of example roller bearing
Geometric dimension Value Tolerance 
Diameter of the inner ring runway 37.4955 mm ±0.0045 mm 
Diameter of the outer ring runway 55.5195 mm ±0.0095 mm 
Roller diameter 8.9960 mm ±0.0010 mm 
Number of rollers 15 - 
Number of waves for the inner ring 
raceway 
3 - 
Number of waves for the outer ring 
raceway 
3 - 
Number of waves for the rollers 5 - 
This example focuses on the effect of the geometric 
deviation. Therefore different cases are investigated. First, 
only dimensional deviation is considered, i.e. every 
component is regarded to be ideally round. Then the maximal 
geometric deviation of every component is iteratively 
increased to a geometric deviation level of 1, 3 and 5 µm. The 
results are presented in the radar charts in Fig. 7. Each point 
represents a radial displacement of the inner ring in this 
direction. Hence, the distance between two opposing points 
represent the bearing clearance for this axis of displacement 
(consisting of one direction and its opposing direction). For 
each level 14 bearing clearances are determined, i.e. 28 
directions are evaluated. The closer the graph of the radar 
charts is to a circle, the smaller is the variance of bearing 
clearance. Hence, the variance seems to increase with the 
geometric deviation. In contrary the bearing clearance seems 
to be quite constant for the first three cases (no geometric 
deviation, 1 µm and 3 µm geometric deviations) and suddenly 
drops for the last case (5 µm geometric deviations). 
This effect could also be seen in the lower part of Fig. 7. 
This diagram shows the mean bearing clearance for the 
different level of geometric deviation. The decrease of the 
mean bearing clearance due to an increased geometric 
deviation seems logic, as not only the amplitude of the waves 
but also the noise increases. This means that the surfaces of 
the bearing components become rougher wherefore the 
likelihood of two roughness peaks contacting each other is 
increasing. However, despite the geometric deviation the 
mean bearing clearance for a geometric deviation of 1 µm and 
3 µm is slightly higher than for ideally round bearing 
components. The combination of the through and crest of the 
waves seems to predominate the effect of the noise. Further 
investigations with combinations of different levels and types 
of geometric deviation are necessary. However, these results 
already propagate that the consideration of geometric and 
dimensional deviations in the evaluation of the bearing 
clearance is essential. 
Beside the mere consideration of different levels of 
geometric deviation, it is also rewarding to investigate which 
bearing component has the highest influence on the bearing 
clearance. For this purpose one bearing component is 
considered to have geometric deviation while the others 
remain ideally round. Fig. 8 shows the mean bearing 
clearance for different level of geometric deviations and 
alternately deviating bearing components. Over all levels of 
geometric deviation the bearing clearance has its lowest value 
for a deviating inner ring. For a geometric deviation of 1 µm 
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Fig. 7: Radial displacement of the inner ring for bearing components:  
a) considered ideally round, b) with a roundness deviation of 1 µm, 
c) with a roundness deviation of 3 µm, d) with roundness deviation of 5 µm.
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especially the outer ring seems to be predominant. Since a 
higher bearing clearance results in a more inconvenient 
vibration behavior of roller bearings, this fact seems to 
correlate with the insights gained by LIQIN et al. [5], namely 
that for wave amplitudes of 1 µm the waviness on the outer 
ring influence the vibration behavior more than the waviness 
of the other components. However, for a higher level of 
geometric deviation the bearing clearance declines linearly for 
the outer ring. For these levels deviating rollers lead to a 
higher bearing clearance. Hence, the rollers seem to be more 
critical for these cases. Yet, in order to make statistically 
reliable statements further investigations are necessary.
6. Conclusion 
The bearing clearance is a key characteristic for roller 
bearings as well as other bearing types, which influences 
further characteristics of the bearings such as the load 
distribution on the rolling elements, the fatigue life and the 
vibration behavior. Geometric and dimensional deviations 
have an influence on the bearing clearance and should 
therefore be considered during the evaluation of bearing 
clearance. In this paper a concept for this consideration was 
presented that emulates the definition of bearing clearance, 
namely that bearing clearance is the distance for which the 
inner ring can be moved relatively to the outer ring. The 
concept therefore relies on a 2D contact detection using a 
raytrace algorithm. In order to perform this contact detection 
the geometry of the bearing components must be represented 
by a surface mesh. The contact detection is divided into two 
phases. In the first phase (broad-phase) the number of vertices 
is reduced to those vertices respectively bearing components 
that might actually get into contact. In the second phase 
(narrow-phase) the exact contact area or rather contact point is 
detected.
After the concept was introduced its application was shown 
for an example roller bearing. Different levels of geometric 
deviation were investigated. Contrary to common 
expectations, geometric deviation does not necessarily lead to 
a decrease of the bearing clearance. What is more, also the 
effects of geometric deviations for the different bearing 
component types were investigated. Therefore the bearing 
components were alternately considered to geometrically 
deviate. Especially for higher levels of geometric deviation 
the rollers seem to have an increased influence on the bearing 
clearance. However, further investigations are necessary. This 
concept seems to be applicable for this purpose. 
Nevertheless, several other aspects should be considered in 
the future, such as a statistical evaluation of the results, other 
types of deviations (cylindrical deviation, misalignment of 
bearing rings, etc.) or the inclusion of mounting and 
operational conditions (press fitting of the bearing rings, 
temperature, operational force, rotational speed, etc.). For 
instance, the mounting of the roller bearings could be 
included in this concept using a finite element analysis. 
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